To approach a market launch of small scale solar cooling installations, standardized and pre-designed packages offer a way for investment cost reduction and optimizing the control and operation strategies in a compressed way. In the German national research project "SolCoolSys", six field test plants were installed and monitored under real conditions in four European countries, Austria, Germany, Italy and Spain. The cooling capacity ranges between 8 -15 kW of the installed adsorption chillers that are driven by solar heat from flat plate or evacuated tube collectors. The load applications are industrial, hotel sector and public building uses. Free cooling operation is tested, additionally to the solar cooling and heat pump mode of the chillers. Special focus was laid on a standardized layout, installation and accompanying monitoring procedure. This work focusses on the solar cooling application of the installations; offering preliminary work for simplified and standardized solar cooling kits in small and medium capacity range on the market. Favourable for the economic viability is a thorough system design, increased efficiency and a high usage of the collector field for further heating demands, like space heating and domestic hot water supply.
Introduction
In the cooperative project "SolCoolSys", partly funded by the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU), six solar cooling systems with a cooling capacity range between 8 and 15 kW were installed. The main goal of the project is to develop a standardized package for the system design in order to reduce costs for the planning and installation; another goal is to improve the operation strategy for minimizing the energy consumption and enhance operation characteristics. Those obstacles are repeated issues that are recommended in many past R&D activities [3, 4, 8, 9, 10] .
In the course of the project, six systems were designed, installed and equipped with comprehensive measurement devices on an individual basis, but focusing on a standardized system design and monitoring configuration. The solar system components, the hydraulic design and the control strategy were developed and provided by the company Solvis GmbH & Co. KG. The thermally-driven chiller unit and the heat rejection unit were supplied by the company SorTech AG. The Fraunhofer Institute for Solar Energy Systems ISE is responsible for the monitoring and data evaluation. The project addresses an important market barrier: high planning and installation costs and sources of error. Accompanying measures are the primary energy assessment and optimization, necessary for reducing greenhouse gas emissions. The combined installation characteristics provide a multiplication of optimizing procedures when translating improvement measures from one installation to the other due to a common basic predesign.
At first, an overview of the field test installations and the system characteristics is given. For the solar cooling and free cooling mode, monitoring data of the field test in Freiburg is shown. For the heat pump mode, monitoring results of the installation in Braunschweig is shown. Finally, conclusions and an outlook is given.
Six field test installations in Europe
Six solar cooling plants were installed in four European countries. For all installations, the common pre-design was applied. The basic system configuration comprises of solar thermal collectors, adsorption chillers, storages and heat rejection unit. Depending on the requirements and system integration, the individual set-up was modified or extended. The main focus is the solar cooling mode, as all systems were designed for its cooling demand. Another focus was set on the free cooling performance, when cold ambient air is utilized for direct cooling by operating the heat rejection unit without active chiller operation, typically in the morning or at night. In three installations, the heat pump mode of the adsorption chiller is tested in the heating season. Table 1 shows an overview of the six field test installations. 
A standardized system design
All systems were planned with a standardized system design, control strategy and monitoring configuration that needed individual modifications according to each system´s requirements. The common system components are adsorption chiller, 8 kW (ACS 08) or 15 kW (ACS 15) nominal cooling power flat plate solar thermal collectors (Solvis GmbH & Co. KG) dry or wet heat rejection unit pre-designed solar cooling distribution station with pumps and valves for mode switching (SKS) two buffer storages high efficiency pumps common control strategy For the charging of the storages, a priority charging of the upper storage part is implemented in order to reach required high driving temperatures for the chiller quickly. Also, one storage tank is fully charged before charging of the second storage starts. For regions with high ambient temperatures in southern Europe (Italy and Spain), a wet heat rejection unit is used. For regions with low ambient temperatures in northern Europe (Germany and Austria), a dry heat rejection unit with spraying option is used. The compact solar cooling station is pre-designed and set-up at the Solvis workshop before it was installed at the different locations. Thus, the installers only need to install the pipes with clear instructions.
A system schematic is displayed in Fig. 3 , the main components are representative for the other field test installations, too. Special for the Freiburg plant is the back-up connection to the district heating network and the borehole heat exchanger in the heat rejection circuit.
Operation modes
All field test installations are operated in solar cooling and free cooling mode. Three installations are operated in heat pump mode. The solar thermal systems provide domestic hot water (DHW) for different uses, additionally all systems provide solar assisted room heating. Table 1 shows the overview of the six plants with its operation modes. 
Monitoring
For system supervision, evaluation and optimisation a comprehensive monitoring system was installed that provides the main parameters. In all circuits, heat meters were installed that consist of coupled temperature sensors and flow meters. Furthermore, storage temperatures, ambient and room temperatures as well as radiation and humidity are measured for the performance assessment.
To enhance the task coordination of different project parties, websites with updated monitoring data and graphs were set-up and proved to be very useful. For interested customers, the websites are a special feature.
Solar cooling and free cooling mode -example installation in Freiburg, Germany
The field test plant in Freiburg was installed in the "solar tower" of a vocational school. In 1993, the solar tower of the Richard-Fehrenbach-Vocational-School began operating, using different types of solar thermal collectors to demonstrate the use of solar energy to students. In 2013, the demonstration site was renewed as part the SolCoolSys project. Energy efficiency and operational safety were important in the selection of technical components: highefficiency pumps, a stratified-charge accumulator, boreholes for heat rejection, flat plate (19 m²) and evacuated tube collectors (13 m²) were used as well as a state-of-the-art absorption chiller (8 kW cooling capacity). Additional to the R&D activities, the intention is that students will oversee the day-to-day running and maintenance of the system as part of a supervised teaching project. Fig. 2a shows the "Solar Tower" of the school where the solar cooling system (Fig. 2b) was installed. The solar thermal flat plate collectors can be seen in the first collector row. The commissioning was finished in June 2013, monitoring data was produced since then. Fig. 2 shows the field test installation inside of the "Solar Tower" with the adsorption chiller, solar storages and the pump stations.
For this operation period, only the solar cooling and free cooling mode was tested. Monitoring and data evaluation results are shown in Fig. 3 and 4 . For the calculation of the electrical EER, the electricity consumption of the cold distribution pumps is not considered according to the unified monitoring procedure of EA Task 38 /48 [2] . The daily curves of the characteristic parameters is shown in Fig. 4 .
At six o`clock the cooling operation is switched on to provide a cool class room at 8 o`clock when lessons start. The system was entirely operated in solar cooling mode without back-up. Therefore, the cooling stops at 8.30 am because the storage temperature decreases below 60 °C. After the solar storages are charged, the solar cooling operation starts-up again at 9.40 am. The thermal COP typically ranges between 0.4 and 0.5. The chillers cooling capacity is around 5 kW, but is expected to increase with an additional fan coil unit that will be installed in September 2013. Heat rejection temperatures keep reasonably constant and low, due to the borehole connection and good positioning of the dry air cooler which is set-up under the collectors in the shade. The heat rejection devices are parallel connected. 
Heat pump mode -example installation in Braunschweig, Germany
The system design at the company´s premises of Solvis GmbH & Co. KG in Braunschweig follows the same standard concept. Cold water distribution and heating convectors are installed in the company´s offices and in the workshop. For the heat pump mode, the chilled water circuit and heat rejection circuit are switched with valves. Here, the solar thermal collectors are hydraulically connected as low-temperature source. The heat pump mode is activated when collector temperatures are lower than 30 °C. If this temperature is exceeded, the heat pump mode is switched off and the solar storages are charged. If temperatures in the upper storage part decrease below 60 °C, an oil burner is activated if the plant is operating. The electrical energy efficiency ratio reaches values of 48, calculated with energy values for February 2013 as displayed in Fig. 5 . As the parasitic power consumption is very low compared to the cooling mode, with an average consumption of 550 W, a very efficient operation is possible.
For the calculation of the electrical EER according to IEA Task 38, the distribution pumps are not considered. This results in very low values for the parasitic electricity consumption in the heat pump mode. Fig. 6 shows a balance of thermal input and output for both heat pump and solar cooling mode.
In January a high amount of fossil energy was used to charge the buffer tanks. After control and technical modifications in February, an optimised operation from March onwards also shows that the solar fraction increased significantly. The thermal EER for the heat pump mode ranges between 1.1 (January) to 1.3 (April).
Conclusions and outlook
All systems were installed and operated in solar cooling mode and heating mode respectively. The standardised system design brought the desired effect: system design, installation and monitoring time and resulting costs were reduced, individual improvements were transferred to all existing systems.
Thus, several enhancing measures were implemented, both regarding the design and control strategy. As a result of the standardized system design, those measures were also implemented in further installations when applicable.
The usage of the compact solar cooling station with pre-installed pumps and motor valves, worked out well. Still, the installation of the entire system still requires a high overall effort, even though installation mistakes are significantly reduced by the pre-designed hydraulic components. Potential future developments are further preinstalled stations for the storage and heat rejection interconnections.
For the energy efficiency and operational evaluation of the system, the different operation modes were assessed regarding performance, operation and control strategies. During the course of the project, focus was set on the efficient operation of the systems and constant enhancement, both technical and software-wise. Even though, the general system design was similar for all installations, the specific conditions and requirements on site, demanded modifications and thus leading to a very different system behaviours and performance results. Summarised results are as follows all installations comprise of a standardized basic system design and operation strategy (except for the Fontino plant) cooling capacity between 2 -8 kW thermal EER for solar cooling reached a value of 0.7 electrical EER for solar cooling reached a value of 10 thermal EER for heat pump mode ranges between 1.1 -1.3 electrical EER for heat pump mode ranges between 27 -48 cooling temperatures between 12 °C -20 °C (set outlet temperature 12°C and 15 °C) decreasing system performance for hot ambient temperatures, limited adsorption process conditions Results and experiences showed that for the optimum system performance, it is essential to thoroughly plan the overall plant, including the cold distribution. Also important to stress is the integrated planning of the cooling load and cold distribution system. Some of the installations lack of a corresponding load demand or the installed cold distribution devices have too little power transfer from the cold water circuit to the room. In most of the proposed buildings for the project the projected cooling load was highly overestimated, which would lead to poor system performance. In this project, the customers were responsible for the planning and installation of cold distribution devices. In this way, already existing piping or parts were used that were not suitable for the solar cooling system.
The performance analysis proves that part or full load behaviour and the characteristics of the heat rejection unit have a significant influence on the thermal COP and overall performance.
For regions with lower ambient temperatures in northern Europe (Germany and Austria), a dry heat rejection unit with spraying option was used. As the ambient temperatures in July 2013 were really high (> 30 °C and more) for a longer period, the systems were operating over their limits. Here, the heat rejection was a limiting factor for the chillers performance.
Further improving potential is discussed and tested for volume flow reduction, especially in the heat rejection circuit, but current results were not complete for this work.
The control integration of all vital devices into a superordinated control proved to be crucial for a good overall performance.
Complementary work was carried out for evaluation procedures of small-scale solar cooling kits in international norms that follow norms for heat pump evaluations. The procedures look at defined temperature categories and corresponding performance capacities.
For the field tests that were completely planned and installed from the scratch, the expected and even better thermal performance of the thermally driven chillers was achieved. Here, a thorough, holistic system design by experienced planners and installers leads to an efficient and reliable operation; the electrical energy consumption is minimized.
